The ArgoNeuT collaboration presents measurements of inclusive muon neutrino and antineutrino charged current differential cross sections on argon in the Fermilab NuMI beam operating in the low energy antineutrino mode. The results are reported in terms of outgoing muon angle and momentum at a mean neutrino energy of 9.6 GeV (neutrinos) and 3.6 GeV (antineutrinos), in the range 0
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• < θµ < 36 • and 0 < pµ < 25 GeV/c, for both neutrinos and antineutrinos.
The liquid argon time projection chamber (LArTPC) [1] is a detection technique that provides three-dimensional imaging of charged particle interactions with fine spatial resolution, ideal for the study of neutrino interactions [2] [3] [4] and searches for rare phenomena such as proton decay. In the U.S., ArgoNeuT (Argon Neutrino Test) [5] and MicroBooNE [6] represent an important development towards the realization of multikiloton-scale LArTPC detectors. With the recent decision for the future U.S. long-baseline neutrino detector to be a large LArTPC [7] , it is crucial to understand both neutrino and antineutrino interactions on argon for future CP violation searches. Neutrino cross sections have been measured on a variety of targets [8] [9] [10] [11] ; however, measurements on liquid argon are virtually non-existent [3] . In this Letter, we present flux-averaged ν µ and ν µ charged current (CC) differential cross sections as measured with the ArgoNeuT LArTPC exposed to the NuMI beam [12] in a neutrino kinematic range relevant for current and future accelerator-based neutrino experiments. The integrated cross sections are also reported. This paper, representing the first measurement of ν µ -Ar cross sections, follows the analysis approach of our previous measurement [3] , differing in its study of the NuMI beam operating in antineutrino mode in place of neutrino mode.
The NuMI beam can be configured to produce a ν µ or ν µ enhanced beam by changing the polarity of the current in the magnetic focusing horns. The neutrinos in the antineutrino beam have a broad energy spectrum and originate from the decay of forward-going π + 's and K + 's that were not defocused by the horns. The antineutrinos from focused π − 's come in a narrowly distributed, lower energy spectrum. Neutrino interactions comprise almost 60% of all the neutrino/antineutrinoinduced events in the detector in antineutrino mode [13] . This fact enables the measurements of both ν µ and ν µ CC differential cross sections using this data sample.
ArgoNeuT [5] is the first LArTPC to take data in a low energy neutrino beam. ArgoNeuT collected neutrino and antineutrino events in Fermilab's NuMI beamline at the MI-NOS near detector hall from September, 2009 through February, 2010. The MINOS near detector is a 1 kton magnetized steel/scintillator tracking/sampling calorimeter [14] . The measurements reported in this Letter are based on data taken with the NuMI beamline operating in antineutrino mode, corresponding to 1.20×10 20 protons on target (POT) during which both the ArgoNeuT and MINOS near detector were operational. ArgoNeuT instruments a set of two wire planes at the edge of a 170 liter TPC in order to detect neutrinoinduced particle tracks. The TPC's active volume is 47 × 40 × 90 cm 3 (horizontal drift dimension × height × length). Ionization electrons created by charged particles traversing the medium are drifted toward the sensing wire planes by a 481 V/cm electric field.
Neutrino event reconstruction uses the LArSoft [15] software package. The automated reconstruction procedure finds hits, and then defines clusters as hits in the same wire plane that may be grouped together due to proximity to one another. Line-like clusters are then found in each of the two wire plane view by projecting short "seed" clusters formed in regions of low hit density into higher hit density regions. Hits are appended to the seed cluster if the projected hit position and hit charge are consistent with the seed cluster hits. Three dimensional tracks are constructed from pairs of these line-like clusters in each plane for lines that have endpoints common in time.
Since ArgoNeuT is too small to completely contain GeV-scale muons, the magnetized MI-NOS near detector provides the measurements of muon momentum and the sign of the muon charge. This sign-selection is especially important for measurements in the NuMI antineutrino beam. The front face of MINOS is approximately 1.5 m downstream of ArgoNeuT. After tracking final state muons in ArgoNeuT, an attempt is made to match the three dimensional tracks that leave the ArgoNeuT TPC with muons that have been reconstructed in MINOS and have a hit within 20 cm of the upstream face of the MINOS detector. This matching criterion is based on the radial and angular differences between the projected-to-MINOS ArgoNeuT track and the candidate MINOS track and a consideration of the expected muon multiple scattering. In the ArgoNeuT detector itself, the muon energy loss before reaching MINOS is calculated from the distance the muon traverses the liquid argon. The muon angle is measured in the ArgoNeuT TPC. If the muon is reconstructed in the MI-NOS near detector, the muon momentum is measured by MINOS from the track curvature or its range depending on whether the muon stops in MINOS. The muon angular resolution determined by ArgoNeuT is 1-3
• [16] , and the momentum resolution determined by MINOS is 5-10% [17] .
The reconstructed neutrino interaction vertex is required to be inside of the ArgoNeuT fiducial volume, defined as a rectangular box shaped as follows: the boundary from the plane comprising the inner sense wires and that of the cathode plane is 3 cm, the boundary from the top and bottom of the TPC is 4 cm, and the distances from the upstream (downstream) end of the TPC are 6 cm (4 cm). Neutrino-induced through-going muons that pass the fiducial volume requirement due to possible inefficiency in vertex reconstruction are removed through visual scanning of events. The track matching criterion for CC ν µ (ν µ ) interactions along with a requirement that the reconstructed and matched MINOS track is negatively (positively) charged represent the only other selection criteria used in this analysis. After all the selection requirements, 1676 (1605) ν µ (ν µ ) CC candidate events remain in the data sample.
Simulated neutrino events are used to estimate the detection efficiency, measurement resolution, mismatched track rate, and neutral-current background. An example of a mismatched track is one where the simulated ArgoNeuT muon is matched in the MINOS detector but has the wrong reconstructed sign. The simulation of neutrino interactions in ArgoNeuT employs a geant4-based [18] detector model and particle propagation software in combination with the genie neutrino event generator [19] . The propagation of particles in the MINOS near detector is simulated with geant3 [20] . A standalone version of MINOS simulation and reconstruction is used to characterize the matching of tracks passing from ArgoNeuT into MINOS. In this study, we gen-erated neutrino interactions in the LArTPC and muons in MINOS (both from ArgoNeuT and surrounding rock) to calculate the efficiency and background rates. The number of mismatched track and neutral-current background events is 97 (141) for the ν µ (ν µ ) sample.
Following event selection, the differential cross section in terms of a measured variable u in bin i is extracted using
where N measured,i represents the number of events in data passing analysis selection, N background,i is the number of expected background events, ∆u i is the bin width, i is the detection efficiency, N targ is the number of argon nuclei in the fiducial volume, and Φ is the total neutrino flux exposure. The variable u represents the outgoing muon angle with respect to the initial neutrino direction (θ µ ) or the momentum (p µ ). The θ µ and p µ distributions are corrected for efficiency on a bin-by-bin basis after subtracting the estimated background contributions according to Eq. 1. A ν µ (ν µ ) CC event that originates in the ArgoNeuT fiducial volume enters the signal sample after ArgoNeuT-MINOS reconstruction, track matching, and selection 42.0% (59.0%) of the time on average. This is due to muon acceptance between ArgoNeuT and MINOS, track matching between ArgoNeuT and MINOS, vertex reconstruction inefficiencies in ArgoNeuT, track reconstruction inefficiencies in both detectors, event selection efficiency, and the effect of detector resolution. In general, neutrino interactions have higher energy hadronic activity than antineutrino interactions, resulting in a reduced efficiency for neutrino events and a larger systematic error on the fiducial volume.
The flux-integrated differential cross sections in θ µ and p µ from ν µ (ν µ ) CC events on an argon target are shown in Figs. 1 (2) , and are tabulated in Tables. I and II. Uncertainties associated with measurement resolution are evaluated by recalculating the differential cross sections under two different efficiency assumptions. The default efficiency takes into account smearing effect from detec- 20.3 ± 4.9 ± 7.3 3.2 ± 0.5 ± 0.7 1.25-2.5 27.1 ± 2.3 ± 4.7 9.0 ± 0.5 ± 1.2 2.5-3.75
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3.80 ± 0.78 ± 1.10 0.22 ± 0.08 ± 0.09 15-16. tor resolution, and the other calculation assumes there is no smearing. The difference between these is taken as a systematic error on the measured differential cross sections. The genie predictions agree with data for neutrinos but overestimate data slightly for antineutrinos. nuwro [21] expectations are consistent with those from genie in most bins.
The total cross section systematic error contributions are dominated by the uncertainty in the energy-integrated flux. The flux used in this analysis [22] is based on a simulation of the NuMI beamline with the fluka [23] hadron production tuned with MINOS near detector data [24] and NA49 hadron production measurements [25] . We assign a flat 11% flux error which accounts for the uncertainties in the hadron production and beamline modeling (e.g. horn focusing) and is consistent with the error assignment recently chosen by MIN- ERvA [10, 11] at low energies. The fluxes with uncertainties used in this measurement are reported in Table III . All considered sources of systematic uncertainty on the total cross section and their contributions are shown in Table IV.
The total integrated cross section per nucleon in this analysis is calculated for both neutrinos and antineutrinos. The measured total ν µ (ν µ ) CC cross section is σ/E ν = 0.66 ± 0.03 ± 0.08 (0.28 ± 0.01 ± 0.03) ×10 −38 cm 2 /GeV per isoscalar nucleon at E ν = 9.6(3.6) ± 6.5(1.5) GeV, where the first error is statistical and the second is systematic, and the ±6.5(1.5) GeV represents the range that contains 68% of the flux. The argonto-isoscalar correction has been applied in arriving at these results. The corrections are about -3% for neutrinos and 3% for antineu- 
